In this study we have presented an investigation, by using numerical simulation, the simultaneous impacts of the p nc-SiOx:H window layer band gap (Eg) and the back reflection (RB) on the photovoltaic performances of hydrogenated amorphous silicon (a-Si:H) solar cells. For simulation, we have used the AMPS-1D (One Dimensional Analysis of Microelectronic and Photonic structures) code. The modeling was carried out on two configurations of the studied cell, one without rear reflector (RB  0) and the other with rear reflector (RB  0.8). The simulated results showed that the best output parameters of the cell were obtained in the case of the structure with rear reflector and when the value of the p-window layer band gap lies in the range from 2.05 eV to 2.10 eV. On the one hand, the values of the band diagram discontinuities on the conduction band levels ΔEC1 and ΔEC2 and on the valence band levels ΔEV1 (interface between the window layer and the buffer layer) and ΔEV2 (interface between the buffer layer and the active layer) are investigated to better understand the efficiency (Eff) variations as a function of the window layer Eg. On the other hand, it is also obtained that the spectral response (SR) is very sensitive to the window layer band gap variations in the wavelength range from 0.35 to 0.55 m for both cases. However, the spectral response decreases with the increase of Eg. Finally, the solar cell spectral response has improved in the wavelength range from 0.55 to 0.7 m, and the best efficiency value (Eff  11.43 %) was obtained in the case of the structure with rear reflector.
INTRODUCTION
Hydrogenated amorphous silicon (a-Si:H) is an attractive material for photovoltaic (PV) solar energy applications. Due to the nature of the thin film and the capacity of the large area substrates, the solar cell based on a-Si:H has been considered as one of the lowcost photovoltaic technologies. It has attracted many studies and continued a long and difficult road between initial laboratory study [1] , industrial research and development production of PV modules [2] [3] [4] . Nevertheless, the low efficiency of the solar cell based on a-Si:H is mainly due to the poor transport of load carriers with a low mobility factor and lifetime () [5, 6] , in particular, for the holes. However, the efficiency of the stable cell reaches the maximum at a much thinner i layer than the initial efficiency, and then decreases with the thickness of the same layer because the light-induced generation of defects leads to a high recombination rate [7] . Optically, it is necessary to increase the thickness of the i layer for a sufficient absorption of the light to generate a high density photocurrent, but electrically it is necessary to keep the i layer thin enough to ensure a high internal electric field to collect the photogenerated carriers and to avoid a serious degradation of the efficiency induced by the light. Therefore, optimization of the efficiency of solar cells a-Si:H was confronted with a contradicted case. Therefore, to solve the optical and electrical contradictions, the use of a p-type window or buffer layer based on B-doped hydrogenated nanocrystalline silicon oxide (p-nc-SiOx:H) seems a good solution. The latter is characterized by a suitable refractive index and a wide band gap to reduce reflection in the front and minimize absorption in the p-layer, which is extremely important for ultra-thin solar cells [8] .
The study carried out in this work was conducted on two solar cells of substrate type (n-i-p), one without rear reflector (RB  0) and the other with rear reflector (RB  0.8). The two cells are based on two materials, namely hydrogenated amorphous silicon (a-Si:H) and hydrogenated nanocrystalline silicon oxide (nc-SiOx:H). The simulation is focused on the investigation of the simultaneous effect of the p nc-SiOx:H window layer band gap (Eg) and the back reflection (RB) on the performances of the solar cell.
THE SIMULATED STRUCTURE AND SIMULATION MODEL
Our simulated solar cell is considered deposited on a metal substrate that plays the role of back contact. For the front contact, a TCO (Transparent Conducting Oxide) layer has been deposited on the p window layer side. The structure consists of an intrinsic a-Si:H layer with a thickness of 300 nm sandwiched between a nSi:H layer with a thickness of 25 nm and a p-window layer based on hydrogenated nanocrystalline silicon oxide (p-nc-SiOx:H) with a thickness of 10 nm (Fig. 1) .
A p-nc-SiOx:H buffer layer with a thickness of 5 nm was incorporated between the p-window layer and the i-a-Si:H active layer.
The AMPS-1D (One Dimensional Analysis of Microelectronic and Photonic structures) calculation code was used to simulate our solar cells. This software is based on the simultaneous resolution of the Poisson equation coupled to the continuity equations of electrons and holes at each position in the simulated structure. This resolution is performed by finite difference and Newton-Raphson methods.
This code simulates the operation of the device taking into account the Shockley-Read-Hall (SRH) recombination statistics. Numerical simulation also requires a model for the density of trapped states in the structure [9] [10] [11] [12] . For the local state density present in the gap of amorphous silicon and hydrogenated nanocrystalline silicon oxide, the AMPS-1D code assumes the existence of two types of states, the acceptor states and the donor states. Both these donor and acceptor-like states consisted of tail states and midgap defect states (dangling bonds). The tail states were approximated by the exponential distribution. Whereas the midgap defects were modeled using two Gaussian distributions and are usually given as follows:
In these equations, NDG and NAG are the total number of states in the Gaussian (cm -3 ), EDG and EAG are the energy position (in eV) of the Gaussian peaks, and and are the standard energy deviations (also in eV). AMPS-1D assumes that midgap states can be modeled using a donor level to represent the D + /D 0 dangling-bond configuration and an acceptor level to represent the D 0 /D -configuration [12, 13] .
The AMPS-1D code requires two types of input parameters, electrical and optical.
Electrical input parameters
 Barrier height. The barrier heights of the front contact Φbo (TCO/p-window layer) and back contact ΦbL (n layer/metal) were set at 1.45 eV and 0.2 eV, respectively.  Electronic affinity (χ). χ is assumed to be different for hydrogenated nanocrystalline silicon oxide layers (p-nc-SiOx:H) and for layers based on hydrogenated amorphous silicon (a-Si:H).  Surface recombination velocities. The surface recombination velocities of electrons and holes were both equal to 1·10 7 cm/s.  Energies of the donor and acceptor states. For the p-nc-SiOx:H layers, we used the values of 0.06 eV and 0.03 eV for the first p layer (window), and for the second p layer (buffer) the values of 0.05 eV and 0.02 eV were used as characteristic energies for the donor and the acceptor states, respectively. All electrical parameters used in this simulation are shown in Table 1 .
Optical input parameters
As a source of illumination, an AM 1.5 solar radiation with a power density of 100 mW/cm 2 was used. The light absorption coefficient, for the different layers was already incorporated in the AMPS-1D program.
For the light reflection, the value of 0.2 was chosen for the front contact. For the back contact, two values were used: RB  0 for the structure without rear reflector and RB  0.80 for the structure with rear reflector.
RESULTS AND DISCUSSION

Study of the cell performances as a function of the p-nc-SiOx:H window layer band gap and the back reflection
To investigate the effect of the p-nc-SiOx:H window layer band gap (Eg) on the performance of our solar cell described previously, we have varied the values of Eg between 1.90 eV and 2.25 eV. This simulation was conducted for two different values of the back reflection; RB  0 (absence of a rear reflector) and RB  0.8 (presence of a rear reflector).
The simulation results are shown in Fig. 2 . In the latter we have illustrated the variations of the four cell output parameters, namely, the short-circuit current (JSC), the open circuit voltage (VOC), the fill factor (FF) and the conversion efficiency (Eff).
It can be seen that the value of JSC (Fig. 2a) decreases with the increase of the window layer band gap. However, the presence of the rear reflector (RB  0.8) improves the value of the short-circuit current JSC. This improvement of JSC is obviously due to the presence of a rear reflector, which leads to the improvement of the spectral response (SR) presented in the Fig. 3 . Knowing that, the expression of Jsc is given as follows:
where QE() is the quantum efficiency; R() is the reflection coefficient from the top surface; Φ() is the photon flux incident on the solar cell at wavelength .
The integration is carried out over the whole range of wavelengths  of light absorbed by the structure. From Fig. 3 , we can see that the spectral response is less stable in the wavelength range of 0.35 m up to 0.55 m for both cases. It is also clear that in this wavelength range the spectral response is very sensitive to variations of the window layer band gap (Eg). However, the spectral response decreases with the increase of Eg. We can also see that the spectral response of the solar cell has improved in the wavelength range from 0.55 to 0.7 m in the case of the structure with a rear reflector.
The open-circuit voltage (VOC) variations are shown in Fig. 2b . In both cases, the value of VOC increases from 0.905 V to 0.945 V when the value of Eg increases from 1.90 eV to 2.10 eV. Beyond 2.10 eV, the VOC decreases gradually. However, the VOC is very little affected by the presence or not of a rear reflector.
The fill factor (FF) presented in Fig. 2c is also very little affected by the gap variations of the window layer.
The efficiency (Eff) variations as a function of Eg of the window layer are also illustrated in Fig. 2d . It is clear that the efficiency has a better value for a window layer band gap ranging from 2.05 eV to 2.10 eV. Beyond 2.10 eV, the value of the efficiency starts to decrease with increasing Eg of the window layer.
To better understand the reasons for improving the cell efficiency as a function of Eg of the window layer for values ranging from 2.05 to 2.10 eV, we have plotted the energy band diagrams in Fig. 4 . From the latter, we calculated and grouped in Table 2 the values of the band diagram discontinuities on the conduction band levels ΔEC1 and ΔEC2 and on the valence band levels ΔEV1 (interface between the window layer and the buffer layer) and ΔEV2 (interface between the buffer layer and the active layer).
From Table 2 it is clear that the values of ΔEC1 and ΔEC2 are invariable and they serve as beneficial mirrors for the reflection of the electrons that move towards the front contact. However, ΔEV2 (interface between the buffer layer and the active layer) has a low value and invariable. On the other hand, ΔEV1 (interface between the window layer and the buffer layer) is variable, depends on the window layer band gap (Eg) and takes a very low value of 0.02 eV for an Eg equal to 2.05 eV, snce ΔEV1 and ΔEV2 are barriers for holes which move towards the front contact. However, these low values promote and facilitate the collection of photogenerated holes at the front contact; this explains why the efficiency of the cell is better for Eg equal to 2.05 eV. 
CONCLUSIONS
The study carried out in this work was conducted on two solar cells of substrate type (n-i-p), one without a rear reflector (RB  0) and the other with a rear reflector (RB  0.8). For this, we have used the AMPS-1D code to investigate by numerical simulation the simultaneous effect of the p-window layer (based on hydrogenated nanocrystalline silicon oxide) band gap (Eg), and the presence of a rear reflector, in the structure, on the solar cell performances. The simulation results showed that the best output parameters, like the shortcircuit current (JSC), the open-circuit voltage (VOC), and the efficiency (Eff) can be improved with the presence of a rear reflector (RB  0.8). It is obtained that the efficiency improvement is due essentially to the shortcircuit current improvement. However, the value of the conversion efficiency was improved from 10.45 % (structure without a rear reflector) to 11.43 % (structure with a rear reflector), when the Jsc value was improved from 13.16 mA/cm 2 (for RB  0) to 14.40 mA/cm 2 (for RB  0.8). The latter best values of JSC and efficiency were obtained when the p-window layer band gap was equal to 2.05 eV.
